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Abstract

Body mass estimation in fossil human species is a crucial topic in paleoanthropology as it yields information

about ecologically relevant characteristics. Nevertheless, variables crucial to body mass estimation such as bone

volume and skeletal weight have never before been calculated in a fossil human species. The exceptional state

of preservation of several fossil human long bones from the Sima de los Huesos (SH) Middle Pleistocene site, in

the Sierra de Atapuerca, makes it possible to calculate for the first time the absolute bone volume in five

complete long bones (two femora and three humeri) of a fossil human species, an approach not possible in

fragmentary or poorly preserved fossils. We have relied on computed tomography scans and 3D reconstructions

to calculate bone volume. A sample of 62 complete bones of robust recent humans was also used for

comparative purposes. The male SH femora (weight-bearing bones) and humeri (non-weight-bearing bones)

have, relative to their size, greater bone volume (volume of bone tissue over total bone volume) than the

equivalent bones in our recent human sample. As mass is volume 9 density, and bone tissue density (as a

material) is similar across mammals, we calculate bone mass, and our results show that the SH hominins had on

average heavier long bones than extant humans of the same size. From the femoral weight at hand, we have

estimated the total skeletal weight in two SH individuals, which is about 36% heavier than in the recent

humans of the equivalent body size. Using different methods and skeletal variables, including skeletal weight,

to estimate body mass in these two SH humans, we highlight the considerable differences in body mass

estimates we obtained, and that the largest body mass estimate is the one based on the skeletal weight. Our

results suggest that we cannot assume the same relative proportion of bone volume and bone and skeletal

weight characterized the entire genus Homo. Given that skeletal weight has a significant influence on body

mass, current body mass estimates of fossil Homo specimens could be systematically underestimated. Thus, the

significantly larger bone volume and heavier bones, probably throughout the entire skeleton, of SH humans

could have had consequences for many biological parameters in this Pleistocene population and considerable

importance for studies focusing on adaptive and ecologically relevant characteristics. Although more recent

human samples should be analyzed, in our view, the high skeletal robusticity of the SH sample, including larger

bone volume and skeletal weight, is part of their adaptive body type selected for throughout the Pleistocene

to support different mechanical and activity regimes and formed under tight genetic control, including control

over bone formative and regulatory processes.
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Introduction and objectives

A generally elevated level of skeletal ‘robusticity’ has been

extensively documented among Pleistocene non-

Homo sapiens (archaic) humans, and numerous studies have

analyzed the cortical area and cross-sectional parameters
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in fossil long bones, pointing out important differences

from living humans (for review, see Trinkaus & Ruff,

2012). Despite extensive information on long bone cross-

sectional properties at different diaphyseal levels, as part

of this pattern of skeletal robusticity, the total bone vol-

ume of a fossil human (and hominin) bone has never

been calculated in any specimen, mainly due to their gen-

erally fragmentary nature. The large sample of Middle

Pleistocene human fossils from the Sima de los Huesos

(SH; circa 430.000 years BP; Arsuaga et al. 2014) is a rare

exception and includes 27 complete long bones, several of

them in an exceptional external and internal state of

preservation. This provides an opportunity to directly cal-

culate the true bone volume in fossil hominin limb long

bones and compare this with recent humans.

Researchers have long appreciated the significant rela-

tionship between body size and an organism’s adaptive

strategy and life history (Damuth & MacFadden, 1990), and

body mass estimation in fossil human species is a crucial

topic in paleoanthropology (Ruff & Niskanen, 2018) as it

yields information about ecologically relevant characteris-

tics. Skeletal weight is a significant portion of the body

mass and comprises, on average, approximately 14% of the

body mass in modern humans (Shephard, 1991; Clarys et al.

1999; Zilhman & Bolter, 2015). Therefore, changes in skele-

tal weight during our evolutionary history would have

affected numerous adaptive and ecologically relevant char-

acteristics, such as biomechanical efficiency (Ruff et al.

1991), energetic requirements (Froehle & Churchill, 2009),

skeletal growth and development (Ruff, 2003), pregnancy

and childbirth (Aiello & Key, 2002), brain growth (Ponce de

Leon et al. 2008), encephalization (Ruff et al. 1997) and

population growth (Sorensen & Leonard, 2001), among

others.

The increased postcranial diaphyseal robusticity in archaic

members of the genus Homo has been argued to be a

developmental response to increased mechanical loading of

the skeleton applied during the lifetime rather than being

genetically determined (Ruff et al. 1993, 1994; Trinkaus

et al. 1994; Holt, 2003; Shackelford, 2007). Nevertheless, cur-

rent evidence also suggests that genetic factors contribute

significantly to the regulation of bone mass and that it is a

highly heritable trait (Churchill, 1996, 1998; Lieberman,

1996; Pearson & Lieberman, 2004; Ruff et al. 2006), so the

debate is not settled.

Therefore, exploring bone volume is worthy of study

because it is directly related to skeletal robusticity, which

has been considered to be the most important variable for

determining bone weight. Bone weight, in turn, is a rele-

vant variable to estimate skeletal weight (Ingalls, 1931; Trot-

ter, 1954; Baker & Newman, 1957), a parameter that is

directly related with body mass. Estimates of bone volume

and skeletal weight in fossil hominins then could provide

new insights into several aspects of their anatomy and phys-

iology compared with recent humans.

The purpose of the present study was to: (i) directly calcu-

late bone volume in the best preserved femora and humeri

of the Middle Pleistocene humans from the SH sample; (ii)

calculate bone weight from bone volume, relying on the

known density of bone across mammals (see below); (iii)

estimate skeletal weigh in several individuals from the SH;

and (iv) compare these parameters with recent H. sapiens

samples. The implications of our results (differences in these

parameters between species) and hypotheses about the ori-

gin of the skeletal robusticity in archaic humans, including

those from the SH, can be explored.

Materials and methods

Fossil and comparative samples

The SH site in the Sierra de Atapuerca (Burgos, Spain) contains an

accumulation of Middle Pleistocene human fossils that are widely

considered to be ancestral to the Neandertals and represent their

sister group (Arsuaga et al. 2014, 2015). To date, the SH site has

yielded nearly 7000 human fossils representing at least 28 individu-

als. The human fossils from the SH site have been dated to about

430 Ka (Arsuaga et al. 2014).

To calculate bone volume, we have relied on the most complete

adult long bones in the sample that preserve intact outer surfaces

and inner structures. Five bones fulfill these preservation conditions:

femora X (left) and XIII (right); and humeri II (right), X (right) and

XV (left; Fig. 1). These five long bones have been sexed as adult

males (Carretero et al. 2012).

For comparative purposes, we analyzed 42 complete adult mod-

ern human femora (23 females and 19 males) from a Medieval

cemetery at San Pablo Monastery in Burgos (Spain), and 17 adult

male femora and 20 adult male humeri from a contemporary foren-

sic collection of known sex housed at the Laboratorio de Evoluci�on

Humana (LEH) at the University of Burgos. We have pooled

Fig. 1 Virtually complete femora and humeri from the Sima de los

Huesos (SH) site analyzed in this study.
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together all specimens in a single sample we call LEH Recent

Humans, composed thus of 59 femora (36 males and 23 females)

and 20 male humeri (Table 1).

The sex of the Medieval San Pablo skeletons was assessed based

on the associated pelvic remains. Modern human forensic anatomi-

cal collections are often composed of elderly or geriatric individuals,

and bone mass is known to decrease with increasing adult age in

males and females. We have attempted to control for this factor by

only including skeletons of individuals with an estimated age at

death of less than 50 years and with no apparent skeletal signs of

pathological conditions. The age at death of individuals in these

comparative samples has been estimated based on established crite-

ria for the pubic symphysis, iliac auricular surface and the sternal

end of the ribs (White & Folkens, 2000). The mean age at death of

the entire Medieval sample is 33.7 years with a range between 19

and 49 years.

Our Medieval sample likely consists of individuals who lived in a

rural setting and whose lifestyles involved manual labor, while the

contemporary sample consists of pre-civil war Spaniards. None of

these individuals represents Hunter–Gatherer populations, which in

terms of physical activity levels and robusticity would be the most

appropriate comparison with the fossil hominins (Ruff et al. 1993,

1994; Trinkaus et al. 1994; Holt, 2003; Auerbach & Ruff, 2004;

Shackelford, 2007; Rodr�ıguez et al. 2018). However, to ensure the

suitability of these samples for comparison with the fossil speci-

mens, we calculated the % cortical area (%CA) at the femoral mid-

shaft (a parameter that expresses robusticity) and compared this

with other Holocene and Pleistocene samples. In both the cortical

thickness at midshaft and bone density, our recent human samples

are well within the range of Neolithic and Amerindian Hunter–

Gatherer samples, making them suitable for comparisons with the

fossils (Fig. 2). Given the similar levels of robusticity in both our two

recent samples (San Pablo Medieval and Contemporary Spaniards),

we combined all specimens into a single pooled sample (LEH Recent

Humans). Because data in the literature for bone volume in archae-

ological or osteological collections are very scarce (indeed, nearly

non-existant), we have included the data for our female sub-sample

as this may be useful for future research. Nevertheless, only the

recent male sub-sample was used for comparisons with the SH spec-

imens that were sexed as males.

Computed tomography scanning and virtual

reconstructions

Computed tomography (CT) images of the fossil and recent speci-

mens were captured with a YXLON Compact (YXLON International

X-Ray GmbH, Hamburg, Germany) industrial multi-slice CT scanner,

housed at the Universidad de Burgos. Specimens were aligned

along the long axis of the bone. Scanning parameters included

scanner energy of 160 kV and 4 mA. The field of view is variable

due to the different size of bones in the sample, and ranges

between 90 and 170.3 mm. Slices were obtained as a 10249 1024

matrix of 32-bit float format for processing with an interslice dis-

tance of 0.5 mm. The pixel size ranges throughout the complete

Table 1 Absolute and RBV (in cm3)* in the SH fossils and recent human samples.

Sample SEX N TEV

Z-score† TEV

SH and

RHs males SBV

Z-score

SBV SH

and RHs

males RBV‡

Z-score

RVB SH

and RHs

males

Difference§

in RBV

between

SH and RHs males

Femur

SH Femur X (L) M 1 637.7 2.1 400.1 5.3 62.7% 2.5 17.6%

SH Femur XIII (R) M 1 501.5 0.4 318.7 3.0 63.6% 2.7 18.5%

SH Mean M 2 569.6 1.2 359.4 4.1 63.1% 2.6 18.0%

LEH Recent

Homo sapiens

(this study)

M 36 471.7 � 78.7

(316.4–613.0)

210.6 � 36.1

(118.7–271.2)

45.1 � 6.8%

(30.9–59.3)

F 23 328.7 � 39.2

(261.0–415.8)

146.7 � 29.8

(88.4–207.2)

44.6 � 6.7%

(31.8–58.9)

M+F 59 415.9 � 96.2 185.7 � 45.9 44.9 � 6.7%

Humerus

SH Humerus II (R) M 1 181.3 1.0 138.0 3.5 76.1% 4.2 17.2%

SH Humerus X (R) M 1 171.9 0.6 118.6 2.0 69.0% 2.4 10.1%

SH Humerus XV (L) M 1 135.9 �1.0 100.2 0.6 73.7% 3.6 14.8%

SH Mean M 3 163.1 � 24.0 0.2 119.0 � 18.9 2.0 73.0% 3.4 14.1%

LEH Recent

Homo sapiens

(this study)

M 20 158.3 � 23.6

(110.1–197.6)

92.8 � 12.8

(65.3–112.7)

58.9 � 4.1%

(51.0–68.0)

*Values in cm3 and adjusted to one decimal place to make reading easier (i.e. mm3 divided by 1000).
†The Z-score is the normalized difference between the recent human sample mean and the observed value of the fossil specimens, i.e.

the number of standard deviations a datum is above/below the mean. It is calculated as the datum minus the reference mean divided

into the standard deviation of the reference sample. In this way, we have calculated a different Z-score for each variable and relative

to each comparative sample, considering values below or above 1.96 SD statistically significant (Sokal & Rohlf, 1979).
‡RBV = 100 9 (SBV/TEV).
§Absolute difference between SH value and LEH recent human male sample mean.

LEH, Laboratorio de Evoluci�on Humana; RBV, relative bone volume; RHs, Recent Homo sapiens; SBV, structural bone volume; SH, Sima

de los Huesos; TEV, total enclosed volume.
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sample from 0.08 mm for the smaller humeri to 0.181 mm for the

bigger femora (pixel size varies with image size). Scans were col-

lected at the maximum resolution obtainable and used to obtain

3D reconstructions of the long bones. The MIMICS software pro-

gram (Materialise, Belgium) was used to calculate bone volumes

using semiautomatic segmentation in order to define and

distinguish Hounsfield values for bone (with an emphasis on distin-

guishing trabecular bone) and air (Figs 3 and 4).

Nevertheless, taking measurements from CT scans involves the

complication that the imaged structures have inevitably blurred

boundaries. At the boundary of a structure, or at any tissue inter-

face, the CT numbers change from the level of one tissue to that of

another, but this change is gradual rather than abrupt owing to

the limited spatial resolution (e.g. bone–air interface or dense corti-

cal bone–light trabecular bone interface). The CT number is the

value [in Hounsfield units (HU)] assigned to each pixel expressing

the local X-ray attenuation in the slice of the scanned object and, in

a CT image, these numbers are selectively translated into the gray

levels shown on the computer screen. In studies based on phantoms

as well as extant and fossil bone, it has been shown that the inter-

face is located exactly halfway between the two CT number levels

on either side of the structure boundary (Spoor et al. 1993). This

level, known as half-maximum height, equals the mean of the two

CT number levels at either side of the interface.

In the present study, it is important not to add cortical bone tis-

sue at the outer surface of the bone, as this would increase the

bone volume. At the same time, we also want to retain the trabecu-

lar bone (even though this contributes only a small percentage of

the total long bone mass), which is much less dense (lower CT num-

bers) than cortical bone (higher CT numbers). If we use the half-

maximum height CT number between cortical bone and air, much

of the trabecular bone will not be included. Conversely, using the

half-maximum height, CT number between trabecular bone and air

would be adding considerable cortical bone at the outer surface.

Given these complications, we have followed a ‘semi-automatic’

protocol to define the limit between air and bone.

In addition to the gray-scale, MIMICS software provides three

pseudo-color scales that aid in viewing the image data. The pseudo-

color scales vary the hue (color) and luminance (brightness) within

the images. Using color scales, small differences in the soft tissue or

Fig. 2 Comparison of percentage cortical area (%CA) at the femoral midshaft cross-section in several fossil and recent human samples. SH = Sima

de los Huesos (N = 5; Rodr�ıguez et al. 2018); MP = other Middle Pleistocene specimens (N = 17; Trinkaus & Ruff, 2012); Ne = Homo neanderthalen-

sis (N = 18; Trinkaus & Ruff, 2012); EMH = Early Modern Humans (N = 10; Trinkaus & Ruff, 2012); EUP = Early Upper Paleolithic (N = 38; Trinkaus &

Ruff, 2012); LUP = Late Upper Paleolithic (N = 17, 12 males, five females; Trinkaus & Ruff, 2012); MES =Mesolithic (N = 31, 23 males, eight

females; Marchi, 2008); Neolithic (N = 58, 34 males, 24 females; Marchi, 2008; Sparacello & Marchi, 2008); Amerindians H–G = Hunter–Gatherers

(N = 44, 20 males, 24 females; Larsen et al. 1995) Amerindians AG = Agriculturalist (N = 222, 117 males, 105 females; Larsen et al., 1995); Medie-

val/Contemporaries – from left to right: males and females from Sparacello & Marchi (2008; N = 77); males (N = 36) and females (N = 23) from

San Pablo this study; and Contemporary Spanish males (N = 20) this study.

Fig. 3 seBone segmentation to separate air from bone in contemporary

Femur 56 from the Laboratorio de Evoluci�on Humana (LEH) collection

using the MIMICS software program and semiautomatic segmentation

(see text for details). Air contained within the bone is shown here in red.
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the bone can be enhanced. Unlike the gray-scale, the pseudo-

color scales are non-linear. The full spectrum color scale varies

within the standard continuous range of hues from orange to

yellow to green to blue to pink to red. In order to make air black

and bone white, it also varies in luminance from dark (black) to

light (white). A scale of eight colors is used automatically by the

software (Fig. 4). To ensure we do not artificially add bone vol-

ume, we manually established a bone–air limit based on the stan-

dard HU fixed by medical analysis, in which Hounsfield densities

of about 200 HU are considered trabecular bone (Ciarelli et al.

1991; Oliveira et al. 2008). As mentioned above, the SH fossils are

not strongly taphonomically altered, so these medical parameters

can be reasonably applied. In the automatic full spectrum color

images (Fig. 4), black, orange, yellow and green pixels have CT

numbers below 176 HU, while blue, pink, red and white pixels

have CT numbers above 176 HU. A CT number of 176 is very close

to the value of 200 used in medical analysis (Ciarelli et al. 1991;

Oliveira et al. 2008). Thus, we have considered all pixels below

176 HU as air, while pixels above 176 HU are considered to repre-

sent bone (see Fig. 4 for details and for the gray-scale version).

This has the effect of removing some very-low-density trabecular

bone rather than adding denser trabecular or cortical bone. We

carried out this segmentation approach in all the fossil and com-

parative specimens.

Calculation of absolute and relative bone volume

and bone weight

We should emphasize that we are not discussing ‘bone tissue min-

eral density’ in its physiological sense (i.e. relative proportions of

the organic and inorganic components and their chemical proper-

ties), but only the absolute and relative bone quantity or bone

volume. Although the original bone mineral density can be

altered by taphonomic processes, for our purposes here we con-

sider that density of bone tissue, as a material defined by physics

(weight divided by volume), is 1.8 g cm�3 for the class Mammalia

(Currey, 2002).

Two different volumes were calculated: a total enclosed volume

(TEV) under the bone surface that includes the medullary cavity and

air (i.e. total subperiosteal bone volume + air volume); and the

structural (i.e. true) bone volume (SBV) that is limited to the cortical

and trabecular bone, excluding the air (SBV = TEV – air volume)

(Table 1). The TEV has been used as a control variable for bone size

instead of any linear articular dimension in the calculation of the

relative bone volume (RBV = 1009 SBV/TEV). After the SBV is deter-

mined, bone weight can be directly calculated using the bone tissue

density mentioned above, and by definition mass is volume9

density.

Following this reasoning, we have calculated the absolute bone

weight for femora and humeri in both the SH hominins and our

recent H. sapiens specimens. Nevertheless, it is more interesting to

compare bone weight relative to body size between fossil and

recent samples. To address this issue, a reduced major axis (RMA)

regression line between bone weight and a control variable for

body size was derived from our recent male samples of femora (N =

36) and humeri (N = 20), and subsequently applied to the fossil spec-

imens. RMA-type regression analysis better summarizes the relation-

ship between two variables than do alternative regression models

(major axis and ordinary least squares) when the aim is not to

generate a predictive model or when outliers are expected. More-

over, RMA is the line-fitting technique commonly used in allometry

contexts in which the purpose of the study was to describe how size

variables are related, typically as a linear relationship on logarithmic

scales (Aiello, 1992; Warton et al. 2006). The regression line and its

95% confidence interval were calculated.

As a control variable for body size in our regression analysis, we

use femoral and humeral head volume. It is well established that

Fig. 4 Details of the semiautomatic segmentation in a cross-section

of the distal epiphysis for Femur X showing the differences in bone/air

quantities before and after the process. Above full spectrum color

scale to determine Hounsfield Units (HU) for bone and air. (A) Full

spectrum image in which all Hounsfield density values are grouped

and colored in eight categories. Note that very few pixels are colored

as standard air (black). To avoid the border effect and taking into

account the computed tomography (CT) numbers, the black, orange,

yellow and green pixels have been considered as air (CT number <

176 HU), and the blue, pink, red and white pixels have been consid-

ered as bone (CT number > 176 HU). This CT number is very close to

200 HU, the standard value used in medical analysis to separate bone

and air (Ciarelli et al. 1991; Oliveira et al. 2008). (B) Bone spectrum

image showing the pixels (in HU) considered as bone once those con-

sidered as air in the full spectrum image have been eliminated. Air

now is in black, and notice the difference in its quantity with full spec-

trum image. Below the colors have been transformed in a gray-scale.

(C) Full spectrum image where very few pixels are colored as standard

air (black). Taking into account the CT numbers, here the black and

dark gray pixels have been considered as air (CT number < 176 HU),

and the white and light gray pixels have been considered as bone (CT

number > 176 HU). (D) Bone spectrum image showing the pixels (in

HU) considered as bone once those considered as air in the full spec-

trum image have been eliminated. Air is in black, and notice the dif-

ference in its quantity with full spectrum image.
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articular dimensions are proportional to body mass and correlate

much better with body size than any other bone dimension, and

they are widely used as a proxy for body mass estimation in many

paleoanthropological studies (Jungers, 1988; McHenry, 1992; Grine

et al. 1995; Ruff et al. 1997, 2005; Auerbach & Ruff, 2004; Arsuaga

et al. 2015; Rodr�ıguez et al. 2018; Ruff & Niskanen, 2018). However,

because we are comparing volumetric variables and volume

increases are proportional to the cube of length (i.e. L3), we have

used a measure of articular size that is expressed in cm3. The

femoral head represents virtually a complete sphere whose volume

can be easily calculated (4/3�p�r3; where r is half of the head diame-

ter), and we have relied on this dimension (femoral head volume)

as a control variable for body size in the femoral comparisons. In

contrast, the humeral head is not spherical, as the vertical and trans-

verse diameter are not even. Humeral head shape is more similar to

half of an ellipsoid. Thus, we have calculated the humeral head vol-

ume as if it was a complete ellipsoid (4/3�p�a�b�c), and the resulting

volume was then divided in half. Here, a, b, c are the principal axes

of the ellipsoid and can be easily obtained directly, or via 3D bone

reconstructions, by measuring the transverse and vertical humeral

head diameters and the curvature radius of the humeral head,

respectively (Fig. 5; Table 2).

To express the differences in bone weight relative to body size

between the fossils and recent samples, we determined the percent-

age difference between the calculated (observed) values for the fos-

sils and their expected value according to the RMA regression line.

We calculated the difference with the mean and with the limits of

its 95% confidence intervals (Table 3).

Calculation of skeletal weight, body mass and daily

energy expenditure

Surprisingly, only two studies have been published examining the

relationship between femoral weight and skeletal weight since the

mid-20th century (Trotter, 1954; Baker & Newman, 1957). Other

studies report skeletal weight in Asian, American and European

samples (Merz et al. 1956; Lowrance & Latimer, 1957; Silva et al.

2008), but do not specifically relate skeletal weight with femoral

weight. According to Trotter (1954) and Baker & Newman (1957),

there is a strong relationship (r = 0.89–0.96) between dry femoral

weight and skeletal weight.

Baker & Newman (1957) provide a regression equation for esti-

mating skeletal weight from femoral weight based on a sample of

95 white male individuals. Trotter (1954) provides the raw data on

bone mass and skeletal mass on a sample of 24 individuals of Euro-

pean ancestry, but no regression equation. Thus, we have derived a

second regression equation based on her data. This approach yields

two different regression equations based on two different recent

samples. Because the results derived with one or the other formulae

are not significantly different, we averaged the two estimations for

all specimens (Table 4).

Relying on this relationship between dry femoral weight and

skeletal weight in recent humans, and assuming the same rela-

tionship in Pleistocene humans, we have explored the total skele-

tal weight of two SH male individuals represented by Femur X

and Femur XIII compared with recent humans (Tables 4 and 5). To

compare skeletal weight relative to body size, we follow the same

regression approach described above for bone weight compar-

isons. In this case, the ‘observed’ skeletal weight is the average of

the two formulae mentioned above and, with these data, we

derived a RMA regression line of skeletal weight on femoral head

volume from our recent male sample (N = 36). This RMA regres-

sion line was applied to the two SH specimens, and the percent-

age differences between observed and expected values were

calculated (Table 5).

Finally, to investigate the possible consequences of larger bone

volume and skeletal weight in the SH humans, we have estimated

two important biological parameters in these fossil humans: body

mass and daily energy expenditure (Table 6). Among the SH sample

we have associated Femur X with the complete Pelvis 1 (Arsuaga

et al. 1999; Bonmati et al. 2010) and, elsewhere, we have deter-

mined a stature of 170 cm for this individual, and 167.8 cm for

Femur XIII (Carretero et al. 2012). Using different regression equa-

tions that relate femoral head dimensions and stature-bi-iliac

breadth relationship to body mass in recent humans (Grine et al.

1995; Ruff et al. 1997, 2005; Auerbach & Ruff, 2004), the body mass

of individuals represented by isolated Femur XIII and Femur X on

the one hand, and Femur X plus Pelvis 1 on the other, can be deter-

mined (Arsuaga et al. 2015). These estimations are compared with

those derived from bone and skeletal weight calculated in the pre-

sent study (Table 6).

On the other hand, previous studies have suggested higher

energy requirements (about 100–350 kcal day�1) in Neandertals as

compared with modern humans in similar climates, and this differ-

ence is in large part due to greater body mass in Neandertals

(Froehle & Churchill, 2009). Following these authors (see Table 6 for

methodological details on daily energy expenditure calculations),

the daily energy expenditure was estimated for two SH males repre-

sented by Femurs X and XIII based on the minimum and maximum

body mass estimates (Table 6).

Fig. 5 (A, B) Linear measurements of humeral head used to compute

its volume as if it was an ellipsoid (C). HVD, humeral head vertical

diameter; HTD, humeral head transverse diameter; C, humeral head

curvature radius; D, femoral head diameter.
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Table 2 Femoral and humeral head raw parameters (in mm) used to calculate their respective head volumes (in cm3).

Sample

Femoral head

diameter*

Humeral head

transverse diameter*

Humeral head

vertical diameter*

Humeral head

curvature radius* Head volume†

Femora

SH Femur X 52.5 170.5

SH Femur XIII 48.3 132.8

LEH recent

males (N = 36)

47.3 � 2.8

(42.3–54.9)

56.1 � 10.4 (39.6–87.0)

LEH recent

females (N = 23)

43.1 � 2.8

(38.2–50.9)

41.3 � 6.9 (29.1–62.7)

LEH recent

(M + F) (N = 59)

45.8 � 3.4 50.9 � 11.7

Humeri

SH Humerus II 46 44.2 20.3 44.9

SH Humerus X 48 44.4 20.43 45.6

SH Humerus XV 44 42 17.69 34.2

LEH recent

males (N = 20)

43.7 � 2.63

(38.9-48.5)

42.9 � 4.47

(36.4–50.5)

20.3 � 1.68 (17.2–23.6) 20.2 � 4.3 (14.8–28.4)

*See Fig. 5 for variable definitions.
†Femoral head volume was calculated as if it was a complete sphere: 4/3�p�r3. Humeral head volume was calculated as if it was a half-

ellipsoid: 4/3�p�a�b�c, and then half divided. a, b and c are the principal axes of the ellipsoid: a = humeral head vertical diameter/2;

b = humeral head transverse diameter/2; c = humeral head radius (maximum orthogonal distance from the anatomical neck to the

humeral head articular surface; can be also measured on the CT image).

LEH, Laboratorio de Evoluci�on Humana; SH, Sima de los Huesos.

Table 3 Bone weight comparisons between the SH fossils and our recent Homo sapiens sample.

Sample Sex N Calculated bone weight (g)* Expected bone weight (g)† Percentage difference‡

Femur

SH Femur-X M 1 720.1 520.7 (500.4–529.3) 38.3% (36.1–43.9%)

SH Femur- XIII M 1 573.7 402.3 (410.9–381.9) 42.6% (39.6–50.2%)

SH Mean 2 646.9 461.5 40.4%

LEH Recent

H. sapiens (this study)

M 36 379.1 � 64.9 (213.7–488.2)

F 23 264.1 � 53.7 (159.1–373.0)

M+F 59 334.3 � 82.7

Humerus

SH Humerus II M 1 248.4 179.25 (170.7–189.7) 38.6% (30.9–45.5%)

SH Humerus X M 1 213.5 181.0 (172.5–191.5) 17.9% (11.5–23.8%)

SH Humerus XV M 1 180.4 150.8 (142.3–161.3) 19.6% (11.9–26.8%)

SH Mean 3 214.1 � 34.0 170.3 25.4%

LEH Recent

Homo sapiens (this study)

M 20 167.0 � 23.0 (117.6–202.8)

*Calculation of bone weight relies on the SBV (Table 1) and a bone density of 1.8 g cm�3, the density value in class Mammalia (Cur-

rey, 2002). By definition: mass = volume 9 density.
†Predicted bone weight (mean and its 95% confidence interval limits) by the RMA regression lines of bone weights on head volumes

derived from our LEH recent human sample. HW = 59.63 + 5.33 9 HHV � 19.1 (SE); N = 20; R = 0.59, p < 0.01. (HW = humerus weight;

HHV = humeral head volume). FW = �14.47 + 7.06 9 FHV � 66.0; N = 36; R = 0.61, P < 0.01. (FW = femur weight; FHV = femoral head

volume). See Figs 5 and 6 for more details.
‡Percentage difference between calculated and expected bone weights (mean and its 95% confidence interval limits) for SH fossils

specimens. Percentage difference = 100 x (calculated value – expected value)/(expected value).

LEH, Laboratorio de Evoluci�on Humana; SH, Sima de los Huesos.
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Results

Absolute and relative SBV

In absolute values (Table 1), the TEV of the SH femora and

humeri is not especially large compared with our recent

human samples. Although Femur X falls above the range of

variation in recent human males, Femur XIII and all three

SH humeri fall within � 1 standard deviation (SD) of the

corresponding recent male means (Table 1). However, the

absolute structural (true) bone volume in both SH femora

falls well above the range of variation in recent males (5.3

and 3 SD above the male recent mean, respectively;

Table 1). Among the humeri, only Humerus XV (left side) is

close to the recent sample mean, while Humeri X and II fall

above the upper limit of the range of variation (Table 1).

The RBV, calculated as the proportion of SBV to total

bone volume, is very similar in both SH femora, despite

Table 4 Comparisons of skeletal weights (g) in several recent human samples and from different sources.

Sample

Baker and Newman

formulae*

This study

formulae†
Mean of the two

previous formulae‡ Other sources

LEH Recent Homo sapiens males,

N = 36 (this study)

4021.9 � 573.9

(2559.9–4986.8)

4290.5 � 591.0

(2785.1–5284.0)

4217.6 � 517.2 (2699.5–5132.1)

LEH Recent Homo sapiens females,

N = 23 (this study)

3005.5 � 474.8

(2076.5–3968.2)

3243.9 � 488.8

(2287.4–4235.1)

3122.3 � 420.2 (2202.1–4072.8)

LEH Recent Homo sapiens M + F,

N = 59 (this study)

3625.7 � 730.9 3882.5 � 752.6 3804.3 � 718.7 (2202.1–5132.1)

American male from Terry

Collection, N = 24

4181 � 762

(2615–5842)

4454 � 785

(2842–6165)

4318 � 774 (2729–6003) 4459.9 � 800.8§

(3075–6128)

Male American whites¶, N = 100 4956.9 � 719.8

(2984–6976)

Coimbra males**, N = 50 3850.0

Coimbra females**, N = 50 2797.6

Coimbra M + F**, N = 100 3323.8 � 779.6

Asiatic sample M + F††, N = 105 2882.0 � 365.0

White male Terry Collection‡‡, N = 55 4417.0 � 645.8

Black male Terry Collection‡‡, N = 54 5068.9 � 821.9

*Least-squares regression formulae: SKW = 8.84 (FW) + 670.24 � 278 g (SE); N = 95; r = 0.89 (Baker & Newman, 1957).
†Least-squares regression formulae: SKW = 9.10 (FW) + 839.41 � 237 g (SE); N = 24; r = 0.96 (derived by the authors with the raw data

in Trotter, 1954).

FW, femur weight; SKW, skeletal weight.
‡Average of estimates with the formulae in * and †.
§Actual mean and SD of the sample reported by Trotter (1954).
¶From Ingalls (1931).

**From Silva et al. (2008).
††From Lowrance & Latimer (1957).
‡‡From Merz et al. (1956).

LEH, Laboratorio de Evoluci�on Humana.

Table 5 Comparison of two different estimates of skeletal weight (g) derived from SH femora.

Skeletal weight derived

from femur weight*

Skeletal weight derived

from femoral head volume†
Percentage difference

between both estimates

Estimate A Estimate B 100 9 (A – B)/(B)

SH Femur-X 7215.8 5337.8 (5112.6–5512.8) 35.2% (30.9–41.1%)

SH Femur-XIII 5902.0 4329.1 (4014.7–4414.9) 36.3% (33.7–47.0%)

*Average of estimated skeletal weight (SKW) from femur weight (FW) calculated with two least-squares regression formulae in

Table 4: SKW = 8.84 (FW) + 670.24 � 278 g (SE); N = 95; r = 0.89 (Baker & Newman, 1957). SKW = 9.10 (FW) + 839.41 � 237 g (SE); N = 24;

r = 0.96 (derived by the authors with the raw data in Trotter, 1954).
†Estimated skeletal weight (SKW) from femoral head volume (FHV) calculated with a RMA regression line derived from our LEH recent

human male sample (mean and 95% confidence intervals limits): SKW = 780.3 + 60.15 9 (FHV) � 515.8 g (SE); N = 36; r = 0.68; P < 0.01.

Individual skeletal weights of the 36 recent specimens used in the RMA regression line construction, calculated as the mean of the

two formulae in footnote*.

SH, Sima de los Huesos.
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more pronounced differences in the total volume between

these two specimens. The RBV in the SH femora is 17.6%

(Femur X) and 18.5% (Femur XIII) higher than the recent

male mean of our sample (Table 1). In the case of the arm

bones, the RBV in the SH humeri is between 10.1%

(Humerus X) and 17.2% (Humerus II) higher than the recent

Table 6 Comparisons of body mass (kg) relying on different regression formulae, and two energetic parameters (kcal per day) in two SH males

and two human fossil samples.

Raw variables used to estimate body mass (BM) FHD (cm) SK-BIB (cm) L-BIB (cm) ST* (cm)

Male Femur X + Pelvis 1 5.25 34.0 36.8 170.0

Femur XIII 4.83 167.8

Body mass formulae

FHD† FHD‡ ST-BIB§ ST-BIB¶ SKW** FW(f)

Male Femur X + Pelvis 1

Body mass (BM) 80.1 82.1 92.5 93.8 99.4 102

Basal metabolic rate (BMR)†† 1847 1884 2029 2048 2131 2169

Daily energy expenditure (DEE)‡‡ 3565 3636 3917 3954 4112 4186

DEE difference with Neandertal mean (see below) 126 197 478 515 673 747

DEE difference with EAMH mean (see below) 402 473 754 791 949 1023

Male Femur XIII

BM 69.7 73.3 86.8 88.2

BMR (kcal per day) 1694 1743 1946 1966

DEE (kcal per day) 3270 3365 3755 3795

DEE difference with Neandertal mean (see below) �169 �74 316 356

DEE difference with EAMH mean (see below) 107 202 592 632

Male Neandertals of temperate climate§§

Mean BM 75.8

BMR (mean, SD and range) 1782 � 62 (1672–1851)

DEE (mean, SD and range) 3439 � 118 (3227–3572)

Male EAMH of temperate climate¶¶

Mean BM 66.0

BMR (mean, SD and range) 1639 � 165 (1397–1922)

DEE (mean, SD and range) 3163 � 318 (2692–3710)

FHD, femoral head diameter; SK-BIB, skeletal bi-iliac breadth; L-BIB, living bi-iliac breadth = 1.17 9 SK-BIB – 3.0; (Ruff et al. 1997); ST,

stature; ST-BIB, stature bi-iliac breadth relationship; SKW, skeletal weight; FW, femoral weight; BMR, basal metabolic rate in kcal per

day; DEE, daily energy expenditure in kcal per day; EAMH, early anatomically modern humans.

*Stature in cm from Carretero et al. (2012).
†Based on FHD BM estimation equations in Auerbach & Ruff (2004). Formula for males: BM = (2.741 9 FHD – 54.9) 9 0.90; r = 0.50.
‡Based on FHD BM estimation equation in Grine et al. (1995). Formula for pooled sex sample: BM = 2.268 9 FHD – 36.5.
§Based on stature/bi-iliac breadth regression formula in Ruff et al. (1997). Formula for males: BM (kg) = 0.373 9 ST (cm) + 3.033 9 L-BIB

(cm) – 82.5; r = 0.90.
¶Based on stature/bi-iliac breadth regression formula in Ruff et al. (2005). Formula for males: BM (kg) = 0.422 9 ST (cm) + 3.126 9 L-BIB

(cm) – 92.9; r = 0.913.

**Based on regression formulae derived from skeletal weight and femur weight in Baker & Newman (1957).
††BMR in kcal per day for each BM in the same column. From Froehle & Churchill (2009). BMR = the energy the body uses for mainte-

nance and growth in the absence of activity or digestion. Most often BMR is estimated from BM. BMR formulae for males = (14.7 9

BW) – (5.6 9 TMEAN) + 735, where BW is body mass in kg and TMEAN is the mean annual temperature in °C. Mean annual tempera-

ture for SH humans = 11.67 °C, calculated by Blain et al. (2009) for the human occupations in TD10 level from Gran Dolina site, also in

Sierra de Atapuerca, within the same chronological range of Sima de los Huesos.
‡‡DEE in kcal per day for each of BM in the same column. From Froehle & Churchill (2009). DEE = BMR 9 PAL, where PAL is physical

activity level, a coefficient expressing DEE as a multiple of BMR. In the present study, the PAL used by Froehle & Churchill (2009) for

temperate climate male Neandertals with high activity levels is = 1.93.
§§Data reported by Froehle & Churchill (2009). BM estimated from stature and bi-iliac breadth for Kebara 2, Kiik-Koba; Krapina 213,

Regordou 1, Shanidar 1, Shanidar 2, Shanidar 3, Shanidar 4 and Shanidar 5; N = 9.
¶¶Data reported by Froehle & Churchill (2009). BM estimated from stature and bi-iliac breadth for Bauosse de Torre 2, Caviglione 1,

Crogmanon 1, Crogmanon 3, Grotte des Enfants 4, Kubbaniya, Nazalet and Khater 1, and from stature for Batadomba Lena1 and

Liujiang; N = 10.
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male mean value (Table 1). Indeed, the values for the RBV

in all five SH bones analyzed fall above the modern human

range of variation. Although, as mentioned above, the five

SH bones analyzed here are sexed as males, it is important

to note that the femoral RBV shows no statistical difference

between males and females in recent H. sapiens (Seeman,

1997), including the sample used in the present study.

Moreover, the degree of size variation (interpreted as

mainly reflecting sexual dimorphism) in most postcranial

dimensions in the SH hominins is similar to that found in

recent humans (Lorenzo et al. 1998). Therefore, it is plausi-

ble to suggest that our results for the RBV in male SH bones

likely characterize female bones from this sample as well.

Within our recent human sample, there is one individual

with the same femoral head diameters as Femur X. To the

extent that femoral head size is a good expression of body

mass (Grine et al. 1995; Ruff et al. 1997, 2005; Auerbach &

Ruff, 2004), we can directly compare these two specimens.

The TEV (547.5 cm3), SBV (218.0 cm3) and RBV (39.8%) of

the recent specimen are far removed from the values exhib-

ited by Femur X for the same variables (TEV = 637.7 cm3;

SBV = 400.1 cm3; RBV = 62.7%; Table 1). A second recent

human individual shows the same femoral head diameter

and very similar TEV (499.4 cm3) as Femur XIII (501.5 cm3),

indicating both bones are similar in overall size. However,

SBV (251.8 cm3) and RBV (50.0%) of this recent specimen

are again far below the values exhibited by Femur XIII for

these same variables (SBV = 318.7 cm3 and RBV = 63.6%).

Absolute and relative bone weight

Regarding absolute bone weight (volume9 density), the

dry weights of Femurs X and XIII would have been 720.1

and 573.7 g, respectively, values that fall well above the

range of variation in our recent H. sapiens samples of com-

parison (Table 3). The dry weights of the three SH humeri

range from 180.4 to 248.4 g, and the mean value for the

three SH specimens (214.1 g) again falls above the range of

variation in our recent H. sapiens samples (Table 3).

As indicated by the regression analysis of bone weight on

femoral and humeral head volumes in recent humans

(Fig. 6), the SH specimens fall well above the regression line

and outside the 95% confidence limits. This clearly indicates

that the SH hominins had relatively much heavier femora

and humeri than our recent specimens of the same articular

size (as a proxy for body size). Expressed as percentage dif-

ferences, Femur X is 38.3% and Femur XIII 42.6% heavier

than their recent counterparts. The SH humeri vary between

17.9% (Humerus X) and 38.6% (Humerus II) heavier than

recent humans (Table 3).

Absolute and relative skeletal weight in two SH

individuals

The skeletal weights based on femoral weight in both SH

male individuals (Femur X = 7215.8 g; Femur XIII = 5902.0 g)

fall well above the range of variation in our recent human

male samples (Fig. 7A; Tables 4 and 5). Femur X is 5.8 SD

and Femur XIII 3.3 SD above our male sample mean

(4217.6� 517.2 g). The regression analysis of skeletal

weight on femoral head volume in recent humans also

shows that the skeletal weights in the SH specimens are far

above their predicted values for their femoral head volume

(Fig. 7B; Table 5). The difference between estimates of

skeletal weight based on femur weight and based on

femoral head volume is considerable, and estimates are

always larger based on femur weight. The percentage dif-

ference of the two SH individuals with the recent male

mean is very similar (Femur X = 35.2% and Femur XIII =

36.3%; Table 5). These differences clearly indicate that the

SH hominins had relatively much heavier skeletons than our

recent specimens of the same articular (body) size. The two

SH male individuals would have had on average a skeletal

weight that was, relative to their body size, nearly 36%

Fig. 6 (A) Reduced major axis (RMA) regression line of humerus weight (HW) on humeral head volume (HHV) and its 95% confidence intervals

derived from the Laboratorio de Evoluci�on Humana (LEH) male recent humans sample (N = 20). HW = 59.63 + 5.33 9 HHV � 19.1 (SE); N = 20;

r = 0.59, P < 0.01 95% confidence limits = � 1.96 9 SD. (B) RMA regression line of femur weight (FW) on femoral head volume (FHV) and its 95%

confidence intervals derived from LEH male recent humans sample (N = 36). FW = �14.47 + 7.06 9 FHV � 66.0 (SE); N = 36; r = 0.61, P < 0.01.

95% confidence limits = � 1.96 9 SD.
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greater than in the recent human males of our sample

(Tables 4 and 5).

Exploring body mass and daily energy expenditure

in two SH individuals

Based only on femoral head diameters, the body mass esti-

mated for Femur XIII ranges between about 70 and 73 kg

depending on the equation used, and that for Femur X

ranges between about 80 and 82 kg. Using the stature-bi-

iliac breadth relationship for Femur X + Pelvis 1, we obtain

a body mass estimate of about 93–94 kg for this individual.

If the skeletons of male SH hominines were approximately

36% heavier than in modern humans as suggested here

(Fig. 7; Table 5), the SH individuals may have weighed more

than the previous calculations suggest and, in fact, the esti-

mated body masses for these two individuals based on a

regression formulae derived separately from both, femoral

weight and skeletal weight, range between 87 and 88 kg

for Femur XIII and 99 and 102 kg for Femur X (Table 6).

Regarding daily energy expenditure, the estimated value

for Femur XIII with the minimum body weight (70 kg) is

well below (1.4 SD) the Neandertal male mean, while daily

energy expenditure for the maximum body weight (88 kg)

is 3 SD above the same mean. For Femur X, the difference

in daily energy expenditure from the Neandertal male

mean ranges from as low as 126 kcal day�1 with the mini-

mum body weight (80 kg) up to 747 kcal day�1 with the

maximum body weight (102 kg; Table 6). In this case, the

first value is only 1 SD above the Neandertal mean, while

the second is 6.3 SD above the same mean. The large differ-

ences between these estimates highlight the significance of

body weight estimates. For example, the difference

between the lower and higher estimates of daily energy

expenditure for both SH femora are larger in magnitude

than the differences we found between the Neandertal

and modern human means. Daily energy expenditure dif-

ferences between SH individuals and Early Modern Humans

are very large in any comparison, above all those of Femur

X (Table 6).

Discussion and conclusions

The heavy bones and skeletons in the SH adult individuals

studied here should have a number of implications. Calci-

fied bone tissue is approximately twice as heavy as other tis-

sues, so it is important for terrestrial species to minimize the

weight of the skeleton, even when the skeleton represents

a relatively small percentage of the total body weight. Mus-

cle mass is not independent of bone mass (Martin, 2003),

and an increase in bone mass results in a proportional

increase in muscle mass, as heavier bones require larger,

heavier muscles to move them. Because muscle constitutes

the largest tissue mass in the human body (Malina & Bou-

chard, 1991), and the musculoskeletal tissues generally com-

prise the heaviest organ system in vertebrate animals,

increasing skeletal weight clearly influences body mass.

We have estimated the body mass in two SH individuals

relying on different methods and skeletal variables, includ-

ing skeletal weight (estimated from the femoral weight;

Table 6). Beyond the specific values obtained for body mass

in Table 6, we would highlight both the considerable dif-

ferences in body mass estimates we obtained using differ-

ent methods, and that the largest body mass estimate is the

one based on the skeletal weight. Thus, could we be in

some extent underestimating the body mass in archaic

humans?

Fig. 7 (A) Absolute estimated skeletal weight in two SH male homi-

nins represented by Femur X and Femur XIII, and several recent

Homo sapiens samples (mean � 2 SD). Skeletal weight is the average

of estimations calculated with the formulae from Baker & Newman

(1957) and the formulae derived by us in this study with the raw data

of Trotter (1954). (1) Laboratorio de Evoluc�ıon (LEH) recent females

(N = 23); (2) LEH recent males (N = 36); (3) San Pablo pooled sex sam-

ple; (4) Coimbra sample male mean from Silva et al. (2008); (5) Coim-

bra sample female mean from Silva et al. (2008); (6) Coimbra sample

pooled sex mean � 2 SD from Silva et al. (2008); (7) Asiatic sample

mean � 2 SD from Lowrance & Latimer (1957). (B) Reduced major axis

(RMA) regression line of skeletal weight (SKW) on femoral head vol-

ume (FHV) and its 95% confidence intervals derived from LEH male

recent humans sample: SKW = 780.3 + 60.2 9 FHV � 515.8 (SE); N =

36; r = 0.68, P < 0.01, 95% confidence limits = � 1.96 9 SD.
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If heavier skeletons imply heaver bodies, the higher meta-

bolic energy requirements of larger animals should also be

considered (Alexander, 1992). Most of the energy required

for terrestrial locomotion is not associated with moving the

body mass against the force of gravity, but in accelerating

and decelerating the oscillating limbs (Hildebrand & Hurley,

1985). Moreover, even small differences in bone mass (e.g.

10%) can be relevant Currey (1984). As the higher predicted

energy expenditure values relative to modern humans

found in SH males (and the Neandertals) result mainly from

larger body size (Table 6), these differences could be even

greater than previously thought, as we could be underesti-

mating body mass in these archaic humans without taking

into consideration their much heavier skeletons.

Finally, we must also consider that if muscle mass

increases in linear proportion to bone mass, as experimental

data suggest (Martin, 2003), providing an animal with a

lighter skeleton will reduce its body weight and its meta-

bolic energy requirement for locomotion (Alexander, 1992).

To make valid comparisons between SH hominines and

Early Modern Humans, though, we would want to also take

into account the heavier skeletons in the former as that

would also factor into their higher activity levels. Although

these skeletal differences are still far from being completely

demonstrated and evaluated, body mass and energy expen-

diture are only two examples of the possible consequences

derived from significantly heavier skeletons in SH humans

relative to recent ones.

Another important question is to determine the origin of

these heavier bones and skeletons in the archaic humans. A

generally elevated level of skeletal ‘robusticity’ (bone

strength relative to body size) has been extensively docu-

mented among Pleistocene non-H. sapiens (archaic)

humans (Trinkaus & Ruff, 2012), and previous studies have

shown that the SH hominins also fit this pattern (Arsuaga

et al. 2015; Rodriguez et al. 2016; Rodr�ıguez et al. 2018).

The higher RBV (Table 1), higher relative bone weight

(Table 3) and higher relative skeletal weight (Table 5)

found here are also consistent with these findings.

Although it is well known that skeletal mineralization and

bone mass vary with habitual mechanical loads and activity

patterns (Rubin & Lanyon, 1984; Forwood & Burr, 1993;

Hazelwood et al. 2001; Moisio et al. 2004; Stock, 2006; Mai-

mon & Sultan, 2011), current evidence also suggests that

genetic factors contribute significantly to the regulation of

bone mass in healthy individuals (McGuigan et al. 2002; Bal-

dock & Eisman, 2004; Judex et al. 2004; Peck & Stout, 2007;

Yerges et al. 2010). In fact, it is a highly heritable trait under

context-specific genetic regulation whose heritability aver-

ages about 60–70% in humans (Ruff et al. 2006).

To what extent is the skeletal robusticity a character

strongly linked to the genome (systemic), or whether it

reflects mainly the activity of an individual prior to skeletal

maturity – the susceptibility of bone to strain is more acute

during childhood and adolescence (Ruff et al. 1994; Daly

et al. 2004; Pearson & Lieberman, 2004) – is yet to be clearly

determined. In this sense, the larger absolute and RBV and

bone weight of the SH femora (weight-bearing bones) and

humeri (non-weight-bearing bones) partially support the

idea of more generalized bone mass differences through-

out the skeleton of SH humans. However, we must also con-

sider that in other archaic humans, such as the Neandertals,

a higher degree of bilateral asymmetry exists in the upper

limb bones, mainly attributable to laterality (i.e. handed-

ness) and activity patterns (Trinkaus et al. 1994; Schmitt

et al. 2003). The SH left Humerus XV is within the range of

recent human values in both absolute SBV and absolute

bone weight although, relative to bone size and body size,

continues to show a difference in both parameters.

Another argument in favor of the systemic origin of skele-

tal differences is that hypertrophy of the cortical bone

appears relatively early in ontogeny (Ruff et al. 1994; Cow-

gill, 2010), and is present in very young Neandertal individu-

als such as Kiik-Koba (5–12 months; Vlcek, 1973), Dederiyeh

1 (2 years; Sawada et al. 2004), La Ferrassie 6 (3–5 years;

Heim, 1982) and Cova Negra (about 5 years; Arsuaga et al.

2007). On the contrary, Cowgill (2010) found that the Upper

Paleolithic children from Lagar Velho 1 and Yamashita-cho

1 display relatively thin cortical bone, and conclude that dif-

ferences at the population level appear to be systemic.

Moreover, thick cortical bone is also found at an early devel-

opmental age at least in early Pleistocene hominins from

Europe (Berm�udez de Castro et al. 2012), as well as in the

sub-adults from the same Middle Pleistocene SH site whose

adults are reported here (Garc�ıa-Gonz�alez et al. 2016).

With these findings at hand, it is difficult for arguments

based solely on mechanical loading to explain population

differences in diaphyseal robusticity before the age of 1

year (Cowgill, 2010). The appearance of relatively high

skeletal robusticity in very young individuals, surely well

before they experienced high activity levels, seems to be a

strong argument supporting a substantial genetic compo-

nent for this trait. In addition, we must also consider that

Homo ergaster (Dean & Smith, 2009; Dean & Liversidge,

2015) and Homo neanderthalensis (Guatelli-Steinberg,

2009; Smith et al. 2010) had an overall accelerated growth

rate, and that at least Neandertal children were ahead of

modern children in growth and development and were lar-

ger than recent humans of the same developmental age

(Smith, 1991; Churchill, 1998), which heightened their

robusticity. Although not yet resolved using dental remains,

we can at least say that the skeletal developmental pattern

of Homo antecessor and the SH hominins coincides consis-

tently with that of the more advanced individuals of differ-

ent samples from H. sapiens (Garc�ıa-Gonz�alez et al. 2009,

2016). Thus, we agree with previous claims that Neandertal

children (and we believe the children from the SH site too)

started out larger than their modern counterparts and

stayed larger than recent children. Natural selection would

have favored large, robust infants that, in terms of skeletal
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robusticity, started with a significant advantage in bone

mass compared with H. sapiens.

The possible presence of thickened cortical bone (and

more bone volume) throughout all bones of the skeleton

and in all SH individuals would be another argument to sup-

port a systemic origin for this feature. At present, this is best

documented in adult (Rodriguez et al. 2016; Rodr�ıguez

et al. 2018) and sub-adult (Garc�ıa-Gonz�alez et al. 2016) long

bones and the cranial vault (Arsuaga et al. 1997). The signif-

icance of cranial vault thickness in archaic humans has been

debated (Gauld, 1996; Lieberman, 1996). Given that it may

have little effect on the performance of the cranium in

response to loading (Pearson & Lieberman, 2004), it is either

indicative of a generalized systemic larger bone volume

throughout the skeleton, or is a by-product caused by physi-

cal activity. Interestingly, allometric patterns of cranial bone

thickness in Asian Homo erectus suggest that the published

body weight estimates greatly underestimate actual mean

body size for members of this species. Its cranial bone thick-

ness to body mass relationship is dissimilar to that displayed

by all other catarrhine taxa, including other hominin species

(Gauld, 1996). In this sense, the dentine in Neandertals is rel-

atively thicker than in modern humans (Smith et al. 2012).

Unlike enamel, dentin and bone have the same embryologi-

cal (mesoderm) origin, that is, they are basically the same

type of tissue. If a greater quantity of bone is a systemic

(mainly genetic) trait, the formative and regulatory pro-

cesses affecting bone formation could quite likely also affect

dentin.

In our view, the high skeletal robusticity of the SH sample,

including larger bone volume and skeletal weight, is part of

their adaptive body type (size and shape; Arsuaga et al.

2015) selected for over the course of the Pleistocene to sup-

port different mechanical and lifestyle demands (which

were clearly more physically rigorous in Pleistocene homi-

nins than in many modern human samples). But this bio-

type is constructed under a tight genetic control, including

control over bone formative and regulatory processes.

Whether and to what extent changes in skeletal weight

during our evolutionary history have affected body mass is

still not completely evaluated, but the differences in ‘body

mass’ and ‘daily energy expenditure’ estimates using the

different approaches in Table 6 are an excellent indication

of how much bone volume should be taken into account in

our calculations. Further comparisons of the SH adult and

sub-adult bones with additional fossil and recent human

groups should lead to a more refined conclusion regarding

the differences in bone volume and skeletal mass with

recent humans. However, the differences found here are

large enough to suggest some paleobiological implications.

If finally demonstrated, the larger skeletal bone volume

and skeletal weigh of the SH humans (and maybe all archaic

humans) is a variable that paleoanthropologists could con-

sider in their research, given the relevant interest of

estimating the body mass of fossil human specimens in

paleobiological studies.
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